Aims Bamboos have long-lived, evergreen leaves that continue to accumulate silica throughout their life. Silica accumulation has been suggested to suppress their photosynthetic activity. However, nitrogen content per unit leaf area (N area ), an important determinant of maximum photosynthetic capacity per unit leaf area (P max ), decreases as leaves age and senescence. In many species, P max decreases in parallel with the leaf nitrogen content. It is hypothesized that if silica accumulation affects photosynthesis, then P max would decrease faster than N area , leading to a decrease in photosynthetic rate per unit leaf nitrogen ( photosynthetic nitrogen use efficiency, PNUE) with increasing silica content in leaves. † Methods The hypothesis was tested in leaves of Sasa veitchii, which have a life span of 2 years and accumulate silica up to 41 % of dry mass. Seasonal changes in P max , stomatal conductance, N area and silica content were measured for leaves of different ages. † Key Results Although P max and PNUE were negatively related with silica content across leaves of different ages, the relationship between PNUE and silica differed depending on leaf age. In second-year leaves, PNUE was almost constant although there was a large increase in silica content, suggesting that leaf nitrogen was a primary factor determining the variation in P max and that silica accumulation did not affect photosynthesis. PNUE was strongly and negatively correlated with silica content in third-year leaves, suggesting that silica accumulation affected photosynthesis of older leaves. † Conclusions Silica accumulation in long-lived leaves of bamboo did not affect photosynthesis when the silica concentration of a leaf was less than 25 % of dry mass. Silica may be actively transported to epidermal cells rather than chlorenchyma cells, avoiding inhibition of CO 2 diffusion from the intercellular space to chloroplasts. However, in older leaves with a larger silica content, silica was also deposited in chlorenchyma cells, which may relate to the decrease in PNUE.
INTRODUCTION
Silica accumulation is an important characteristic of plants belonging to the family Poaceae. Silicon in the form of silicic acid is absorbed from the soil, and mainly accumulated in the aerial parts as amorphous hydrated silica (SiO 2 .nH 2 O). Various functions have been proposed for silica accumulation, such as mechanical stability of tissues, protection against fungi, insects and herbivores, resistance to drought, facilitation of light interception, and alleviation of problems caused by nutrient deficiency and excess (Jones and Handreck, 1967; Raven, 1983; Sangster and Hodson, 1986; Marschner, 1995; Prychid et al., 2003; Richmond and Sussman, 2003; Epstein and Bloom, 2005; Fauteux et al., 2005; Hattori et al., 2005; Ma and Yamaji, 2006) .
Within the Poaceae, bamboos deposit silica in mature leaves in variable but generally large concentrations (2-41 % SiO 2 on a dry mass basis; Ueda and Ueda, 1961; Yamane and Sato, 1971; Takahashi et al., 1981; Kaneko, 1995; Motomura et al., 2000 Motomura et al., , 2002 . Leaves of Phyllostachys pubescens and P. bambusoides live for 1 year, and their silica concentration increases rapidly in the early growing season of the first year, levels-off in the first autumn, and then increases slightly or does not change in the early spring of the following year (Ueda and Ueda, 1961; Kaneko, 1995) . Leaves of Sasa veitchii, which have a life span of 2 years, accumulate silica not only during expansion in early development, but also after maturation until defoliation in the summer and autumn of the third year (Motomura et al., 2002) . Motomura et al. (2002) showed that the changes in silica content depended on the season, and the accumulation pattern (rapid in summer and slow in spring and winter) was repeated during the 2 years of the life span.
Transpiration may affect silica accumulation processes, as water flow in the transpiration stream brings silica dissolved in water from the roots to the leaves. Silica is deposited along conductive tissues and heavy deposition is often observed at the end of the transpiration stream, for example in leaf tips and inflorescence bracts (Frey-Wyssling, 1930; Ueda and Ueda, 1961; Yoshida et al., 1962; Jones and Handreck, 1967; Handreck and Jones, 1968; Takahashi and Miyake, 1976) . The hypothesis that silica deposition is determined only by transpiration explains why rapid * For correspondence. E-mail hmochi@affrc.go.jp silica accumulation in bamboo leaves is greatest in summer, when water loss is greatest as stomatal pores are open and photosynthesis occurs. Another hypothesis regarding the relationship between silica and the physiological activity of leaves has been suggested (Ellis, 1979; Motomura et al., 2000) , namely that silica deposition inhibits photosynthesis in the leaf. The consequences of silica deposition on leaf function have not been clarified. Silica is deposited more in the chlorenchyma cells of older leaves than those of young leaves (Sangster, 1970; Motomura et al., 2000) , which may prevent CO 2 diffusion from the intercellular space to chloroplasts. Experiments on rice (Oryza sativa) in hydroponic solutions with different silica concentrations have shown that silica accumulation in leaves does not reduce photosynthetic activity (Kawamitsu et al., 1989; Agarie et al., 1992a,b) . However, the rice leaves used in these studies have smaller silica concentrations (less than 18 % SiO 2 on a dry mass basis) than those in bamboos. To test the hypothesis that silica accumulation inhibits photosynthesis, we examined the relationship between silica accumulation and photosynthetic activity in bamboo leaves with large silica contents during their life cycle.
Photosynthetic capacity (P max ; see Table 1 for a list of abbreviations) changes with many aspects of leaf development and physiology (e.g. age of leaf, and protein composition and amount) and not only with silica content. Leaf nitrogen, which largely reflects the protein content, is a primary factor for the variation of P max in the leaves, particularly because a large amount of nitrogen is invested in the photosynthetic apparatus (Field and Mooney, 1986; Evans, 1989; Hikosaka, 2004) . As leaves age, P max decreases as photosynthetic proteins are degraded and the nitrogen is translocated to other tissues. In many species, P max decreases in parallel with decreasing nitrogen content per area (N area ) with an almost constant photosynthetic rate per unit leaf nitrogen ( photosynthetic nitrogen use efficiency, PNUE; Reich et al., 1991; Karlsson, 1994; Miyazawa et al., 2005; Yasumura et al., 2006) . However, in some other species P max decreases faster than N area , leading to a decrease in PNUE with leaf age (Wilson et al., 2000; Kitajima et al., 2002; Escudero and Mediavilla, 2003; Miyazawa et al., 2004) . In these species, the age-dependent change in P max is caused not only by leaf nitrogen but also by other factors.
We hypothesize that silica accumulation may affect the P max /N area relationship. Since silica content increases with leaf age, if silica accumulation suppresses CO 2 diffusion in leaves and thus inhibits photosynthesis, P max should decrease faster than N area , leading to a decrease in PNUE with increasing silica content. We assessed PNUE in the leaves of Sasa veitchii, which have a longer leaf life span (2 years) than other bamboos in which the consequences of silica accumulation has been studied. They accumulate silica up to 41 % on a dry mass basis, the largest recorded silica concentration in higher plants (Motomura et al., 2002) . In this study, photosynthetic characteristics, including PNUE, were determined periodically together with silica deposition in leaves of different leaf ages and the relationships between them were analysed.
MATERIALS AND METHODS
Sasa veitchii (Carrière) Rehder was studied. The population was under trees (Abies firma, Acer mono, Hovenia dulcis, Neolitsea sericea, Populus sieboldii and Prunus buergeriana) growing in the Botanical Garden of Tohoku University, Sendai, Japan, in an old-growth, temperate mixed forest near the northern limit of this vegetation zone. The canopy of the deciduous trees began to develop in mid-May and leaves were shed in mid-and late-November. The mean annual temperature was 11 . 9 8C with a total precipitation of 1440 mm (Sugawara, 1969; Kurosawa et al., 1995) .
Ninety-nine fully expanded leaves were examined from April to December in 2000: their silica contents have been reported previously (Motomura et al., 2002) . In Sasa veitchii, new culm branches appear sympodially from the nodes every year, and each branch has leaves similar to those of the top of older branches. In April 2000, leaves that emerged in different years (1998 and 1999) were distinguished on the basis of the branching pattern related to the sequence of the emergence of culm branches. Each branch that emerged in 1998 had leaves on the second, third or fourth nodes from the top of the branches, and these remaining leaves were shed during summer and autumn in 2000. In June 2000, current-year branches that appeared from the basal part of older branches that had emerged in 1999 had several leaves of different developmental stages, and fully expanded leaves appeared on several nodes of the top of the branches before all the leaves finished to unfold in August (see Figs 1 and 2 of Motomura et al. 2002) . In this study, fully expanded leaves from each branch that emerged in three different years (2000, 1999 and 1998) were distinguished as three age classes, i.e. first-, second-and third-year leaves, respectively.
Seasonal changes in gas exchange characteristics, maximum rate of net photosynthesis (P max ), transpiration rate and stomatal conductance (g s ) were determined with a portable photosynthesis system (LI-6400P, Li-Cor Inc., NE, USA). At each time point, we used a leaf from each of three to five branches that had emerged in three different years. Environmental conditions in the chamber were regulated to give a photon flux of 1000 mmol quanta m 22 s
21
, a leaf temperature of 25 + 1 8C, CO 2 concentration of 375-400 mL L 21 and a vapour pressure deficit of less than 1 KPa. The measurements were done twice on two sunny days for each leaf. After the gas exchange measurements, the leaves were collected, washed with distilled water, cut into three equal sections (basal, middle and top), and discs were punched out from the median part between the leaf margin and midrib of the middle sections: three discs of 2 . 4 cm 2 for determination of nitrogen content and one disc of 3 . 1 cm for determination of dry mass and silica content. The discs were weighed after drying for 48 h at 80 8C. Nitrogen content was determined with an NC analyzer (NC-80, Sumitomo Chemical Co., Tokyo, Japan). Silica content was determined photometrically by colorimetric reaction using the molybdenum blue method (Motomura et al., 2002) . To analyse the relationship between silica accumulation and leaf photosynthetic characteristics, the accumulation rate of silica was calculated as: [SiO 2 area of the current month -SiO 2 area of the previous month] for each period, where SiO 2 area is the silica content per unit leaf area. We also calculated the potential transpiration rate as the product of stomatal conductance and maximum daily vapour pressure deficit (VPD max ), the latter being calculated from the maximum daily air temperature and relative humidity determined at the Botanical Garden. Simple correlation analyses between silica accumulation and photosynthetic characteristics were carried out with g s , N area , P max , PNUE, SiO 2 area and silica accumulation rate as independent variables using JMP version 5 (SAS Institute Inc., NC, USA).
RESULTS
The silica content per unit leaf area (SiO 2 area ), increased rapidly in spring and summer in leaves of all ages (Fig. 1A) , as did silica concentration per dry mass: 3 -15, 15-25 and 25-41 % for first-, second-and third-year leaves, respectively (see Motomura et al., 2002) . Silica-free leaf mass per unit area (LMA SF ) increased only in spring and summer in first-year leaves and was constant in second-and third-year leaves (Fig. 1B) . Total leaf mass per unit area (LMA) increased with leaf age (Fig. 1C) .
Stomatal conductance (g s ) in first-and second-year leaves increased markedly from spring to summer, and then decreased rapidly towards the end of the growing season; however, it was almost constant in third-year leaves (Fig. 1D) . Photosynthetic capacity (P max ) in firstyear leaves increased gradually from spring until midsummer, and then decreased slightly (Fig. 1E) . P max in second and third-year leaves was highest in spring, and decreased gradually in summer; it became stable at the end of the growing season in all ages of leaves. Nitrogen content per unit area (N area ) in first-year leaves increased gradually towards the end of the growing season, but in second-and third-year leaves it was greatest in spring and winter, and smallest in summer (Fig. 1F) .
Photosynthetic nitrogen efficiency (PNUE), calculated as the ratio of P max : N area , showed a large difference between the three leaf age classes (Fig. 1G) . It was highest in the spring in first-year leaves and rapidly decreased through to winter. Second-year leaves had constant PNUE throughout the season. Third-year leaves had similar PNUE to second-year leaves in early spring, but then it gradually decreased until death.
P max was negatively correlated with SiO 2 area across the three age classes (Table 2) . However, the correlation between P max and SiO 2 area was positive if data of first-year leaves only were considered, and was negative if data for second-and third-year leaves only were considered ( Fig. 2A) . PNUE was also negatively correlated with SiO 2 area (Table 2) . However, the regression again varied among the leaf age classes (Fig. 2B) ; PNUE decreased with increasing SiO 2 area in first-and third-year leaves, whereas it was constant in second-year leaves. It should be noted that there was no decrease in PNUE between 8 -16 g m 22 of SiO 2 area . There was no significant correlation between the silica accumulation rate and other leaf characteristics (Table 2) : the accumulation rate correlated neither with the transpiration rate determined when P max was obtained, nor with the potential transpiration rate (g s Â VPD max ; P . 0 . 05, data not shown).
DISCUSSION
We tested the hypothesis that silica accumulation suppressed photosynthesis. If silica simply accumulates in leaf tissues without negative effects on photosynthesis, then there would be no effects on P max or N area , and so no correlation between them and SiO 2 area . If silica accumulation has a direct effect on some essential process in leaf physiology, then there would be a strong, negative correlation. In leaves of Sasa veitchii, P max was negatively correlated with the silica content ( Fig. 2A) . However, P max in first-year leaves increased with increasing silica content ( Fig. 2A) , and P max was similar between first-year leaves in winter and third-year leaves in spring (Fig. 1E) , showing that P max was unaffected by silica content, which was considerably different between the two. Furthermore, P max in the second-year leaves of S. veitchii showed a similar seasonal change to that in N area , so PNUE remained constant when silica content increased from 8 to 16 g m 22 (Fig. 2B ), suggesting that P max was mainly regulated by nitrogen investment in the leaves irrespective of silica accumulation. Based on these observations, we conclude that the silica content is not a primary factor for the variation of P max in first-and second-year leaves of S. veitchii. This is consistent with previous studies showing that silica accumulation did not negatively affect P max in rice leaves in a range up to 18 % silica concentration (Kawamitsu et al., 1989; Agarie et al., 1992a,b) .
However, in third-year leaves of S. veitchii, which had very large silica concentrations (more than 25 % on a dry mass basis), P max decreased more rapidly than N area , leading to a large decrease in PNUE (Fig. 1E, G) . Consequently, PNUE was strongly correlated with the silica content (Fig. 2B) . Thus, we hypothesize that silica accumulation affects photosynthesis only in third-year leaves. Most silica accumulation was found in epidermal cells in leaves of S. veitchii and there was no silica deposition in chlorenchyma cells in first-and second-year leaves (Motomura et al., 2004) . However, it was found that third-year leaves accumulated silica also in chlorenchyma cells (see figs 1 and 4 in Motomura et al., 2004) . As CO 2 is transferred through the surface of chlorenchyma cells, silica deposition might reduce CO 2 diffusion from the intercellular space to the chloroplasts. These results suggest that silica deposition has negative effects on photosynthesis if the silica concentration is higher than 25 % on a leaf dry mass basis. However, an age-dependent decrease in PNUE has been observed in some species with less silica accumulation (Wilson et al., 2000; Kitajima et al., 2002; Escudero and Mediavilla, 2003; Miyazawa et al., 2004) . Niinemets et al. (2005) showed that the CO 2 partial pressure in chloroplasts decreased with leaf age in several Mediterranean evergreen, broadleaved species. Thus, further study is needed to assess whether silica deposition inhibits CO 2 diffusion in chlorenchyma cells.
Transpiration has been considered to affect the silica accumulation process (Frey-Wyssling, 1930; Yoshida et al., 1962; Frey-Wyssling and Mühlethaler, 1965; Handreck and Jones, 1968; Aston and Jones, 1976; Kaufman et al., 1981; Jarvis, 1987; Walker and Lance, 1991) . If transpiration has a direct effect on the silica accumulation process in leaves, then there would be a strong correlation between P max or stomatal conductance (g s ) and the silica accumulation rate. In leaves of S. veitchii, however, the silica accumulation rate was not correlated with CO 2 exchange or g s (Table 2 ). Thus, silica accumulation must be associated with factors other than transpiration. Silica may be accumulated depending on plant demand, because silica uptake rate in some grass species does not depend on the water absorption (Barber and Shone, 1966; Vorm, 1980; Jarvis, 1987; Walker and Lance, 1991) , suggesting that the silica is taken up in an active rather than in a passive manner. Sasa veitchii leaves tend to be damaged by herbivores in spring and summer (H. Motomura, pers. obs.); rapid, selective accumulation of silica in summer (Motomura et al., 2004) may serve to decrease herbivory.
In summary, silica accumulation in leaves of bamboo did not affect photosynthesis, at least when the silica concentration of a leaf was less than 25 % on a dry mass basis. Plants may actively transport silica to epidermal cells rather than to chlorenchyma cells that actively photosynthesize, so avoiding inhibition of CO 2 diffusion from the intercellular space to the chloroplasts. However, in ageing leaves with a greater silica content, silica was deposited in chlorenchyma cells as well, which may relate to the decrease in PNUE.
